To investigate the role of each domain in BiP/GRP78 function, we have used a full-length recombinant BiP engineered to contain two enterokinase sites; one site is located after an N-terminal FLAG epitope, and a second site has been inserted at the junction between the N-and C-terminal domains (FLAG-BiP.ent). FLAG-BiP.ent oligomerizes into multiple species that interconvert with each other in a slow, concentration-and temperaturedependent equilibrium. Heat shock proteins (HSPs) 1 are ubiquitous proteins found in all organisms and cell compartments. They are involved in cellular functions as varied as protein synthesis and proteolysis (1), stress tolerance (2), protein translocation into mitochondria (3) or the endoplasmic reticulum (4), and folding and assembly of proteins (5). Members of the HSP70 family are molecular chaperones that hold in common the ability to discriminate between unfolded polypeptide chains and native proteins. They participate in protein assembly by preventing aggregation due to hydrophobic interactions (6). HSP70 family members are highly conserved proteins, and share a structural organization in three domains: a 44-kDa N-terminal ATPase domain (7-9), an 18-kDa C-terminal peptide-binding domain (10, 11), and a less conserved C-terminal tail whose function and complete three-dimensional structure are unknown. The ATPase activity of HSP70 proteins is enhanced upon binding to synthetic peptides (12, 13). The size and nature of peptidic substrates required to fully stimulate the ATPase activity of HSP70 proteins have been determined to be 7-residue-long peptides, rich in aliphatic amino acids (14 -16). Detailed enzymological studies on monomeric, recombinant bovine Hsc70 revealed that binding of peptides increases the rate of ADP and inorganic phosphate release leading to an increase in the rate of ATP hydrolysis (17). In the same study, Takeda and McKay observed that the Mg.ADP.Hsc70 form has higher affinity for peptide than the Mg.ATP.Hsc70 form, in agreement with studies on Escherichia coli DnaK (18, 19) and bovine brain Hsc70 (20). It was recently demonstrated that ATP-bound HSP70 proteins have high on/off rates of binding/release of substrates, whereas ADP-bound chaperones exhibit higher affinity for peptidic substrates through slower off rates (reviewed in Ref. 21). Many HSP70 proteins are also regulated by accessory proteins. A well studied system is the E. coli DnaK chaperone, which is regulated by the nucleotide exchange factor GrpE, which increases the rate of ADP/ATP exchange (22, 23) and by the highly conserved DnaJ, which increases the rate of ␥-phosphate cleavage (16, 22) . In addition to the different conformations HSP70 proteins adopt in the presence of substrates, they also self-associate into multiple oligomeric species that interconvert with each other (24 -26). In the bacterial system, addition of the dimeric cofactor GrpE to heterogeneous multimeric DnaK results in a slow conversion of oligomers into monomers and stabilization of (GrpE) 2 ⅐DnaK complexes (25). Mammalian Hsp70 oligomers of high molecular weights do not behave like the dimers and trimers in that they do not dissociate upon ATP addition and are less thermostable (27) . As the expression of most HSP70 proteins is increased upon heat shock treatment, the effect of temperature on self-association of HSP70 proteins has also been investigated. It was observed that an increase in temperature in the 40 -47°C range leads to self-association/aggregation of Hsp73 and Hsc70 (27, 28) . These data emphasize the complexity of the HSP70 cycle and how unfolded peptidic substrates, adenine nucleotides, accessory proteins and oligomerization affect the conformation of the proteins. The mechanisms by which self-association and depolymerization might affect the functions and activities of the molecular chaperones in normal and stress conditions are poorly understood.
Heat shock proteins (HSPs) 1 are ubiquitous proteins found in all organisms and cell compartments. They are involved in cellular functions as varied as protein synthesis and proteolysis (1), stress tolerance (2), protein translocation into mitochondria (3) or the endoplasmic reticulum (4) , and folding and assembly of proteins (5) . Members of the HSP70 family are molecular chaperones that hold in common the ability to discriminate between unfolded polypeptide chains and native proteins. They participate in protein assembly by preventing aggregation due to hydrophobic interactions (6) . HSP70 family members are highly conserved proteins, and share a structural organization in three domains: a 44-kDa N-terminal ATPase domain (7) (8) (9) , an 18-kDa C-terminal peptide-binding domain (10, 11) , and a less conserved C-terminal tail whose function and complete three-dimensional structure are unknown. The ATPase activity of HSP70 proteins is enhanced upon binding to synthetic peptides (12, 13) . The size and nature of peptidic substrates required to fully stimulate the ATPase activity of HSP70 proteins have been determined to be 7-residue-long peptides, rich in aliphatic amino acids (14 -16) . Detailed enzymological studies on monomeric, recombinant bovine Hsc70 revealed that binding of peptides increases the rate of ADP and inorganic phosphate release leading to an increase in the rate of ATP hydrolysis (17) . In the same study, Takeda and McKay observed that the Mg.ADP.Hsc70 form has higher affinity for peptide than the Mg.ATP.Hsc70 form, in agreement with studies on Escherichia coli DnaK (18, 19) and bovine brain Hsc70 (20) . It was recently demonstrated that ATP-bound HSP70 proteins have high on/off rates of binding/release of substrates, whereas ADP-bound chaperones exhibit higher affinity for peptidic substrates through slower off rates (reviewed in Ref. 21 ). Many HSP70 proteins are also regulated by accessory proteins. A well studied system is the E. coli DnaK chaperone, which is regulated by the nucleotide exchange factor GrpE, which increases the rate of ADP/ATP exchange (22, 23) and by the highly conserved DnaJ, which increases the rate of ␥-phosphate cleavage (16, 22) . In addition to the different conformations HSP70 proteins adopt in the presence of substrates, they also self-associate into multiple oligomeric species that interconvert with each other (24 -26) . In the bacterial system, addition of the dimeric cofactor GrpE to heterogeneous multimeric DnaK results in a slow conversion of oligomers into monomers and stabilization of (GrpE) 2 ⅐DnaK complexes (25) . Mammalian Hsp70 oligomers of high molecular weights do not behave like the dimers and trimers in that they do not dissociate upon ATP addition and are less thermostable (27) . As the expression of most HSP70 proteins is increased upon heat shock treatment, the effect of temperature on self-association of HSP70 proteins has also been investigated. It was observed that an increase in temperature in the 40 -47°C range leads to self-association/aggregation of Hsp73 and Hsc70 (27, 28) . These data emphasize the complexity of the HSP70 cycle and how unfolded peptidic substrates, adenine nucleotides, accessory proteins and oligomerization affect the conformation of the proteins. The mechanisms by which self-association and depolymerization might affect the functions and activities of the molecular chaperones in normal and stress conditions are poorly understood. GRP78/BiP is one of the two members of the HSP70 family involved in polypeptide translocation across the endoplasmic reticulum membrane of eukaryotic cells (29 -31) . GRP78/BiP plays a role in the folding and assembly of secreted or membrane proteins as well as in their transport (32) (33) (34) (35) . GRP78/BiP also binds transiently to early folding intermediates and dissociates rapidly (36) . Like the other members of the HSP70 family, BiP is a peptide-stimulated ATPase (12, 13) . The spectrum of peptidic substrates recognized by BiP (37), although broad enough to allow binding to all nascent chains translocated across the endoplasmic reticulum membrane, is also highly specific; BiP does not bind to fully folded and assembled proteins, except to co-chaperones like the DnaJ yeast homologues Scj1 and Sec63 (30, 38) . BiP has a specificity distinct from that of other HSP70 proteins (39) and is not functionally interchangeable with other HSP70 proteins (40 -41) . BiP selfassociates into dimers, trimers, and higher molecular weight oligomers (13, 42) that dissociate upon addition of millimolar concentrations of ATP (43) or 0.1-0.2 mM specific peptides used as model for unfolded substrates (13) .
Here we describe a system that enables us to investigate the role of each domain in the self-association equilibrium of recombinant murine BiP. By using an engineered protein that contains an enterokinase site at the junction between the Nterminal ATPase domain and the C-terminal peptide binding domain (FLAG-BiP.ent), we show that BiP is a flexible and malleable molecule that interchanges between different oligomeric conformations and degrees of polymerization in a slow, concentration-and temperature-dependent, process. Binding of ATP, or of a synthetic peptide, induces depolymerization of BiP oligomers into monomeric species at different rates. Upon enterokinase cleavage of monomeric FLAG-BiP.ent, the two domains dissociate and the C-terminal domain self-associates into multiple oligomeric species. When enterokinase cleavage is performed in the presence of a synthetic peptide, the Cterminal domain can be isolated as a mostly monomeric fragment. Addition of ATP during enterokinase treatment does not prevent self-association of the C-terminal fragment. Our data indicate that peptide-induced depolymerization of BiP is controlled by the peptide binding C-terminal domain, and that a signal is being transmitted to the ATPase domain upon BiP monomerization that results in an increase in the rate of ATP hydrolysis. This study emphasizes the role of interdomain interactions in the regulation of BiP activity and degree of oligomerization.
MATERIALS AND METHODS
Plasmids pFLAG-BiP.ent-The vector pSecB115, described previously (13), was digested with SalI and religated with a double-stranded SalI linker encoding the FLAG epitope (DYKDDDDK), in frame with the N-terminal OmpT signal sequence that precedes the full-length murine GRP78/ BiP gene in pSecB115. The two oligonucleotides used for the SalI linker were designed as follows: 5Ј-TCG ACG GAC TAC AAG GAC GAC GAT GAC AAG-3Ј and 5Ј-T CGA CTT GTC ATC GTC GTC CTT GTA GTC CG-3Ј (the SalI cohesive ends are underlined). The resulting plasmid, pFLAG-BiP was then cut with BamHI, and the 2-kilobase pair fragment containing murine BiP/GRP78 cDNA (44) was subcloned in dephosphorylated double-stranded M13mp18 bacteriophage. Singlestranded DNA was purified, and loop-in mutagenesis was carried out with a non-coding mutagenic nucleotide, 5Ј-G TAC CAG ATC ACC TGT ATC CTT ATC GTC ATC ATCACCAGAGAGGACACC-3Ј, which annealed with the 3Ј end of the BiP ATPase domain, and the 5Ј end of the C-terminal domain, and contains an internal extra sequence that encodes for an enterokinase site (underlined) to be inserted between the translated residues Asp-390 and Asp-392 in the murine GRP78/BiP sequence. Bacteriophage plaques were screened with the 5Ј-CCT-TATCGTCATCATCACC-3Ј probe, and the mutant BamHI cassette was subcloned in the pSecB115 vector to yield pFLAG-BiP.ent. The entire coding sequence was sequenced using Sequenase (U. S. Biochemical Corp.) with the following nucleotides as primers: pET12a (5Ј-GCC AGT CAC TAT GGC GTG-3Ј), P2 (5Ј-TCC AGG CCA TAT GCA ATA GC-3Ј), P3 (5Ј-GAA ATT TCT TCT GGG GC-3Ј), P4 (5Ј-CTT TTC TAC CTC ACG CCG-3Ј), P5 (CCT CAT CGG GGT TTA TG-3Ј), P6 (5Ј-GGA ATT CCA GTC AGA TC-3Ј), P7 (CCC AGC TTT TCT TTA TC-3Ј), and P8 (5Ј-GCT CTA GCA GAT CAG TG-3Ј). No additional mutations were identified. All experiments were carried out as described (45) .
pHis-BiP.ent and pHis-BiP-BiP.ent cDNA was amplified from pFLAG-BiP.ent with the 5Ј primer XhoI-5, 5Ј-CCG CTC GAG GAG GAG GAC AAG AAG GAG-3Ј, which introduces an XhoI site at the 5Ј extremity of the BiP.ent sequence (underlined), and the reverse primer HindIII-3Ј, 5Ј-CCC AAG CTT TAA TGC AGT TTA TC-3Ј, which anneals at the 3Ј end of the DNA, after the elements of transcription termination of the pET12a vector at the level of a unique HindIII site (underlined). The PCR product was cleaved with XhoI and HindIII and ligated into pET19b to yield pHis-BiP.ent. The same XhoI-5Ј and HindIII-3Ј primers were used to amplify the BiP sequence from the plasmid pSecBB115 (13) , and the XhoI-HindIII fragment was subcloned in pET19b to yield the plasmid pHis-BiP.
Protein and Peptide Purification
FLAG-BiP.ent-The FLAG epitope allows purification on anti-FLAG M2 affinity gel (IBI, Inc.), thus minimizing the extent of contamination of BiP by bound adenine nucleotides. E. coli BL21(DE3) cells were transformed with pFLAG-BiP.ent. Cells were grown in M9 medium supplemented with 50 g/ml carbenicillin. T7 RNA polymerase expression was induced at A 600 nm ϳ 0.8 by addition of 0.4 mM (final concentration) of isopropyl-1-thio-␤-D-galactopyranoside. After a 1-h induction period, the cells were harvested by centrifugation for 10 min at 5,000 rpm at 4°C, resuspended in Buffer A (20 mM Tris-HCl, pH 8.0, 175 mM KCl, 5 mM MgCl 2 ), and broken in a French pressure cell (10,000 p.s.i. at 4°C). Total cell extracts were centrifuged at 4°C for 45 min at 45,000 ϫ g. The supernatant was loaded at a flow rate of 2 ml/min on a column packed with 23 ml of anion exchanger Source 15Q medium (Amersham Pharmacia Biotech), equilibrated in Buffer A, and connected to an FPLC system (Amersham Pharmacia Biotech). The elution was performed with a 175-325 mM KCl linear gradient. Fractions containing FLAG-BiP.ent (230 -270 mM KCl) were pooled and loaded onto an M2 column equilibrated in Buffer B (50 mM Tris, pH 7.4, 150 mM KCl). After removal of the unbound proteins by extensive washes with Buffer B, FLAG-BiP.ent was eluted with 0.1 M glycine-HCl, pH 3.5, and immediately neutralized with 1 M Tris, pH 8.0. To remove bound nucleotides, 4 mM EDTA was added to the sample and proteins were precipitated by ammonium sulfate (75% of saturation) as described for Hsc70 (24) . When necessary, FLAG-BiP.ent was further purified on HR10/30 Superose 12 (Amersham Pharmacia Biotech). The sample was then dialyzed against Binding Buffer (20 mM Hepes, pH 7.0, 75 mM KCl, 5 mM MgCl 2 ) or Buffer C (20 mM Tris-HCl, pH 7.4, 50 mM NaCl, 2 mM CaCl 2 ) for enterokinase cleavage.
His-tagged Proteins-His-tagged proteins were expressed in BL21(DE3) cells (46) , and purified by affinity chromatography on His.Bind resin N.D. as described by the manufacturer (Novagen, Inc.). When needed, further purification was performed on Superose 12 HR 10/30 as indicated in the text. Bound nucleotides were removed as described (24) . All purified proteins were exhaustively dialyzed against Binding Buffer.
Peptide Synthesis-Peptide pep2 (LSVKFLT) was identified as a BiP substrate by affinity panning of a library of Trp-less, Met-less peptides displayed on bacteriophages 2 using procedures very similar to those previously described for the identification of a large series of other BiP-binding peptides (37) . The synthesis of pep2 was performed on a 431 peptide synthesizer from Applied Biosystems Inc (University of Illinois at Chicago Resource Center). The coupling agents were 2-(1H-benzotriazol-1-yl)-1,1,3,3,-tetramethyluroniumhexafluorophosphate and 1-hydroxybenzotriazole (47). Pep2 was purified by high performance liquid chromatography (HPLC) on a semi-preparative C8 column and analyzed by amino acid analysis and mass spectrometry (Protein Research Laboratory, University of Illionois at Chicago). Concentrations of the peptide stock solutions were determined as follows: Pep2 was hydrolyzed with 6 N HCl and then derivatized with phenylisothiocyanate using the Millipore-Water Pico-Tag work station, and analyzed by HPLC using the ABI 130A HPLC separation system with an ABI C-18 Brownlee column (2.1 ϫ 220 mm) at 37°C. The amino acid standards used to calculate the peptide concentration were purchased from Pierce (catalog no. 27300).
RESULTS
Characterization of Recombinant FLAG-BiP.ent and HisBiP-We engineered plasmid pFLAG-BiP.ent that allows BiP expression in E. coli and has the following features: an Nterminal OmpT signal sequence to target the protein into the periplasmic space (46), followed by a FLAG sequence (DYKD-DDDK), recognized by the M2 anti-FLAG monoclonal antibody (IBI), and which also specifies a recognition site for enterokinase (DDDDK), and finally the full-length murine BiP (44) . A second enterokinase site was inserted by loop-in mutagenesis between the N-terminal ATPase domain and the C-terminal domain C30, at position D390, as described under "Materials and Methods." FLAG-BiP.ent was expressed in BL21(DE3) cells upon isopropyl-1-thio-␤-D-galactopyranoside induction, immobilized onto an anti-FLAG M2 affinity Gel (IBI), and eluted from the column through reversible denaturation in acidic buffer as described under "Materials and Methods." FLAG-BiP.ent migrates on a denaturing polyacrylamide gel as an 80-kDa species, in agreement with its expected molecular weight. Circular dichroism spectroscopy analysis shows a significant amount of secondary structure: 35-40% ␣-helix, 40 -45% ␤-sheet, 5% ␤-turn, and 8 -12% random-coil as determined with SELCON software (48) . These results are similar to those reported for Hsc70 (49, 50) . To address whether the N-terminal FLAG extension and the presence of an enterokinase site at the junction between the catalytic domain and the peptide binding domain would affect the catalytic properties of BiP, we engineered the plasmids pHis-BiP.ent and pHis-BiP and characterized the catalytic properties of purified recombinant HisBiP.ent and His-BiP proteins. Michaelis and catalytic constants were determined in steady state conditions for FLAGBiP.ent, His-BiP.ent and His-BiP, in the absence and presence of a synthetic peptide (pep2: LSVKFLT), and found to be in the same range of values reported for unmodified murine BiP and other HSP70 proteins (Table I ). Our data indicate that the addition of an N-terminal FLAG epitope or histidine tag, as well as the insertion of an enterokinase site at the junction between the two domains do not profoundly alter the overall secondary structure of BiP, nor its ability to bind ATP or peptides with reasonable affinities. However, the basal ATPase activity of both FLAG-BiP.ent and His-BiP.ent are about 2-fold higher than the activity exhibited by His-BiP and untagged recombinant murine BiP. After addition of pep2, both FLAGBiP.ent and His-BiP reach the same k cat . This indicates that insertion of an enterokinase site between the N-and C-terminal domains increases the basal ATPase activity of BiP but does not have a profound effect on its structure or affinity for nucleotidic and peptidic substrates.
Nucleotide-free FLAG-BiP.ent Self-associates into Multiple Oligomeric Species, in a Slow, Temperature-and Concentrationdependent Equilibrium Process-We investigated the degree of oligomerization of nucleotide-free FLAG-BiP.ent by size-exclusion chromatography at various protein concentrations (Fig. 1) . FLAG-BiP.ent elutes in three major peaks. Peak A corresponds to aggregates that elute in the void volume. Peak O contains 2, left panels) . Similarly, a sample enriched in oligomeric species (Fig. 2 , top right panel) was analyzed after incubation for 8 h at different temperatures (Fig. 2, right panels) . Oligomers and monomers reequilibrate into multiple species, with aggregates becoming preponderant at 42°C. Time-course experiments indicate that the different species interconvert with each other rather slowly, with a half-lives of about 100 -150 min at 37°C (Fig. 3) . The data presented in Fig. 1-3 indicate that the different oligomeric species of FLAG-BiP.ent interconvert with each other in rather slow concentration and temperature-dependent equilibria. ATP and Peptide Binding Induce Depolymerization of FLAGBiP.ent-Both ATP and peptide binding induce depolymerization of FLAG-BiP.ent oligomers (Figs. 4 and 5) . ATP binding, not hydrolysis, is solely responsible for the depolymerization of FLAG-BiP.ent. Indeed, ADP does not shift the equilibrium toward all monomeric species, and AMP-PNP, a non-hydrolyzable ATP analog, also promotes stabilization of monomeric species, although higher concentrations than ATP are required to achieve almost complete dissociation of oligomeric forms (Fig. 4) . The binding of pep2 also promotes conversion of oligomers into monomers (Fig. 5 ), but at a much slower rate (t1 ⁄2 Ͼ 120 min) than ATP or AMP-PNP (complete in 5-15 min, Fig. 4 depolymerization of oligomeric species and stabilization of monomeric FLAG-BiP.ent. Depolymerization of large aggregates is not significant at 0.1 mM ATP, 1 mM AMP-PNP, and 1 mM pep-2, suggesting that the aggregates may consist of inactive molecules or have much lower affinity for nucleotidic and peptidic substrates than the smaller oligomeric species.
Cleavage of Monomeric FLAG-BiP.ent Results in Dissociation of the Fragments and Oligomerization of the C-terminal
Domain-We analyzed the structural and biochemical properties of the proteolytic fragments obtained through enterokinase cleavage of the FLAG-BiP.ent protein, in the absence or presence of nucleotidic and peptidic substrates. FLAG-BiP.ent contains two engineered enterokinase sites as described under "Materials and Methods." Purified monomeric FLAG-BiP.ent was treated with enterokinase, and the cleavage products obtained were analyzed by size exclusion chromatography (Fig.   6 ). The fractions corresponding to 20 -300 kDa, i.e. fractions 8 -24, were collected and assayed for ATPase activity (Fig. 6A , dotted line) and analyzed by SDS-PAGE (Fig. 6B) . The first enterokinase site is readily accessible as the OmpT-FLAG Nterminal sequence was efficiently cleaved by enterokinase, as indicated by the difference in migration between FLAG-BiP.ent and cleaved BiP.ent. (Fig. 6B, lanes 2 and 3) . The specific activities of FLAG-BiP.ent and BiP.ent were found to be similar (0.4 Ϯ 0.1 mol of ATP hydrolyzed/min ϫ mol of BiP), indicating that the freed FLAG peptide does not stimulate BiP.ent ATPase activity and thus does not bind to BiP.ent.
In addition to BiP.ent, the enterokinase cleavage generates two proteolytic fragments that migrate on SDS-PAGE gel as 47-and 30-kDa species, respectively (Fig. 6B, lane 3) . Western blotting analysis with two specific anti-BiP antibodies, one polyclonal (W135) directed against the N-terminal extremity and one monoclonal (anti-GRP78, ABR, Inc.) that recognizes an epitope located at the C terminus of BiP, confirms that the 47-kDa fragment corresponds to the ATPase domain (N44.ent), and the 30-kDa fragment to the C-terminal domain (C30.ent) (data not shown). The three proteins, i.e. BiP.ent, C30.ent, and N44.ent, elute sequentially from the Superose 12 column. Fractions 8 -11 contain BiP.ent in an oligomeric form. Fractions 12-16 contains species ranging in apparent size from 66 to 132 kDa and include mostly monomeric BiP.ent. A small amount of C30.ent is also present in these fractions, in a mostly trimeric form. Fractions 17-20 contain C30.ent species eluting as 40 -66-kDa proteins, corresponding to C30.ent dimers. Finally, the last fractions contain monomeric N44.ent fragment, which exhibits an ATPase activity of 0.5 mol of ATP/min ϫ mol of N44. These results demonstrate that addition of enterokinase to monomeric, nucleotide-free FLAG-BiP.ent results in efficient cleavage of the first enterokinase site located after the OmpT-FLAG N-terminal sequence, but in less efficient cleavage of the second site, which is located at the junction between the N-and C-terminal domains. BiP.ent elutes as a mixture of monomeric and oligomeric species. The freed C30.ent fragment oligomerizes into dimeric, trimeric, and higher molecular weight species (Fig. 7, gray bars) . The N-terminal domain, N44.ent, elutes as a monomer and no longer interacts with C30.ent as indicated by the non-overlapping elution profile and the difference in the relative amount of each species in the different fractions. This indicates that, in the absence of physical contact with the N-terminal catalytic domain, and in the absence of peptidic substrate, the C-terminal domain of BiP readily oligomerizes into multiple oligomeric species.
To determine if oligomerization of C30.ent occurs before or after enterokinase cleavage, we examined the rate of enterokinase cleavage and the rate of reequilibration of monomeric FLAG-BiP.ent into oligomeric species at 25°C. The first enterokinase site located after the OmpT-FLAG presequence is efficiently cleaved in 90 min, and the second enterokinase site is cleaved with a half-time of about 150 -270 min, values very close to the rate of reequilibration of monomers into oligomers observed under the same conditions of concentration and temperature (t1 ⁄2 ϭ 130 -200 min). This indicates that both the cleavage in between the two domains and reoligomerization of monomeric FLAG-BiP.ent occur at about the same rate. Our data suggest that the second enterokinase site is more accessible in monomeric FLAG-BiP.ent than in oligomeric species and that C30.ent oligomerizes after being released. The selfassociation properties of BiP can thus be fully accounted for by the C-terminal domain and appear to be partially restrained by physical interactions between the N-and C-terminal domains as very little stable monomeric C30.ent was isolated after enterokinase cleavage of FLAG-BiP.ent.
Freed C30.ent Is Monomeric When Enterokinase Cleavage of FLAG-BiP.ent Is Performed in the Presence of pep2-Prior to the addition of enterokinase oligomeric and monomeric species of FLAG-BiP.ent were preincubated for 15 min with 1 mM pep2. After overnight incubation at 25°C, the products of the reaction were applied onto a Superose 12 column and the collected fractions analyzed by SDS-PAGE as described in Fig. 6 . The relative amount of C30.ent in each fraction was estimated by densitometry and plotted in Fig. 7 as a function of fraction numbers. C30.ent, which elutes as a mixture of oligomeric and monomeric species when no peptide is present (Fig. 7, gray  bars) , elutes mostly as a monomer in the presence of pep2 (Fig.  7, black bars) . The same experiment conducted in the presence of 0.1 mM ATP showed that ATP has no effect on the oligomerization of C30.ent (Fig. 7, white bars) . N44.ent remains monomeric in the presence of both substrates. Neither the yield of proteolytic fragments obtained nor the rate of enterokinase cleavage is affected significantly by the addition of nucleotidic and peptidic substrate. Our data indicate that substrate binding to either domain induces depolymerization of full-length BiP and that peptide binding to the C-terminal domain maintains the freed fragment in a mostly monomeric form. This indicates that nucleotidic or peptidic substrates induce conformational changes in the C-terminal domain that is solely responsible for the control of the polymerization/depolymerization equilibrium. DISCUSSION We have studied the self-association properties of recombinant FLAG-BiP.ent that contains an engineered enterokinase site between the N-terminal ATPase domain (residues 1-390) and the C-terminal domain (residues 392-636) of murine GRP78/BiP. Size-exclusion chromatography indicates that FLAG-BiP.ent exhibits an oligomerization pattern composed of monomeric, dimeric-trimeric, and higher oligomeric species. Oligomeric and monomeric species interconvert with each other in a slow concentration-and temperature-dependent equilibrium. ATP binding, but not hydrolysis, induces rapid (Յ5 min at 37°C) depolymerization of FLAG-BiP.ent oligomers and stabilization of monomeric species. Binding of a specific synthetic peptide (pep2: LSVKFLT) also induces depolymerization of FLAG-BiP.ent, although at a much slower rate than ATP (half-time for pep2-induced depolymerization Ն 120 min Ϫ1 ). It is noteworthy that in the steady state conditions used in our ATPase assay (15 min at 37°C, 100 M ATP) FLAG-BiP.ent is mostly monomeric. Our data are in agreement FIG. 5 . Effect of pep2 on self-association of FLAG-BiP.ent. FLAG-BiP.ent (all species; 4.5 M) was incubated at 37°C with pep2 (0.8 mM). At various time intervals, 100-l aliquots were loaded on Superose 12 and eluted as described in Fig. 1 .
with those obtained with three other HSP70 proteins: cognate hsc70 (51-53), E. coli DnaK (25, 54) , and mitochondrial hsp70 (mhsp70) (55) , which demonstrate the coexistence of multiple oligomeric species in HSP70 preparations, all in equilibrium with each other, in a process dependent on temperature, concentration, adenine nucleotides, peptidic substrates, and accessory proteins. Self-association thus appears to be a general property shared by all members of the HSP70 family and should be taken into account in biochemical studies of the HSP70 functional cycle, as the different oligomeric species may have different affinities and on/off rates for nucleotidic and peptidic substrates as reported for hsc70 (52) .
The addition of an N-terminal FLAG epitope and insertion of the enterokinase site at the junction between the N-and Cterminal domains of BiP did not significantly modify the overall conformation of the protein or its ability to bind nucleotidic and peptidic substrates. However, the basal ATPase activity is increased by a factor of 2 in the engineered FLAG-BiP.ent, suggesting that the two domains are not interacting as strongly as in unmodified BiP. Nevertheless, a significant proportion of the interdomain interactions and communication are preserved as the ATPase activity of FLAG-BiP.ent can still be stimulated by the addition of a specific peptide.
After cleavage by enterokinase, monomeric FLAG-BiP.ent is converted into three fragments: (i) BiP.ent that has lost the N-terminal presequence (OmpT signal sequence followed by the FLAG sequence) (this species is mostly oligomeric, with traces of monomers); (ii) a 47-kDa fragment (N44.ent) that exhibits ATPase activity, and elutes from size-exclusion chromatography as a monomer; (iii) a 30-kDa fragment (C30.ent), which displays an oligomerization pattern reminiscent of that exhibited by the full-length BiP molecule. When FLAG-BiP.ent is incubated with millimolar concentration of a synthetic peptide prior to enterokinase cleavage, the C30.ent fragment can be isolated as mostly monomeric species. Addition of ATP during enterokinase treatment does not prevent C30.ent from selfassociating into multiple oligomeric species. Similarly, the C30 fragment directly expressed in E. coli self-associates into multiple oligomeric species in the absence of substrate, and converts into dimers and monomers upon binding to specific peptides. 3 Our results demonstrate that the C-terminal domain of murine GRP78/BiP, which contains the peptide binding site, is required for the oligomerization process and that binding of 400-g aliquots of purified monomeric FLAG-BiP.ent (12 M in buffer C) were cleaved with 16 units of recombinant enterokinase (rEK, Novagen). After overnight incubation at 25°C, the sample was centrifuged at 14,000 rpm for 15 min at 4°C in an Eppendorf microcentrifuge, applied onto a Superose-12 column, and eluted as described in Fig. 1 . A, 250-l fractions were collected, analyzed for protein content (solid line) by the method of Bradford (58) , and assayed for ATPase activity (dotted line) for 15 min at 37°C using the phosphomolybdate method described by Seals et al. (59) . The assays were performed in steady state conditions at a final concentration of 100 M ATP. B, electrophoretic analysis of eluted fractions. 25 l of each fraction was loaded on a 10% denaturing polyacrylamide gel (60) and the gel stained with Brilliant Blue R-250 (Fisher.). The molecular size markers are: myosin (205 kDa), ␤-galactosidase (116 kDa), phosphorylase (97 kDa), fructose-6-phosphate kinase (84 kDa), albumin (66 kDa), glutamic dehydrogenase (55 kDa), ovalbumin (45 kDa), glyceraldehyde-3-phosphate dehydrogenase (36 kDa), carbonic anhydrase (29 kDa), trypsinogen (24 kDa), trypsin inhibitor (20 kDa), and ␣-lactalbumin (14.2 kDa) (Sigma).
specific peptides induces depolymerization of full-length murine GRP78/BiP. Thus, our results are in agreement with a recent study showing that the C-terminal domain of Hsc70 self-associates in a manner similar to that of the entire protein, while the N-terminal ATPase domain is found to be monomeric, even at high concentrations in solution (56) . However, our study also indicates that ATP binding on the N-terminal domain induces depolymerization of BiP suggesting that conformational changes in the C-terminal domain are also induced by ligand binding on the catalytic domain. Interdomain interactions appear to play an important role in the regulation of BiP polymerization/depolymerization.
What is the physiological relevance of peptide-induced depolymerization of HSP70 proteins? As yet, little is known about the role of self-association and peptide-induced depolymerization in the regulation of the biological function(s) of HSP proteins. Freiden and colleagues (57) have shown that in quiescent cells, BiP is present in mostly aggregated forms, while upon glucose starvation, BiP is mostly monomeric. Although they did not consider that peptide-induced depolymerization is responsible for ATPase activation of Hsc70, Gao and colleagues (52) have suggested that oligomeric Hsc70 may represent a storage form of the protein. It is tempting to propose that the peptideinduced conversion of BiP oligomers into monomers represents another step in the regulation of the activity of HSP70 chaperones, proteins already known to be regulated by nucleotides and accessory proteins. Further investigations are needed to unravel the mechanisms by which the interconversion between the different oligomeric conformers regulates the biological functions of HSP70 proteins. Work is in progress in our laboratory to determine how peptide specificity, interdomain contacts, and interactions with accessory proteins regulate BiP activity and degree of oligomerization.
